ABSTRACT: The horizontal stability of a Single-Point Moored (SPM) Floating Liquefied Natural Gas (FLNG) facility is investigated. Both numerical and experimental studies have been conducted for this SPM FLNG. The numerical simulations feature well the experimental data. The effects of the turret locations are studied based on the validated numerical model. Statistic results of the vessel's motions with different turret locations are conducted and compared. The results show that the longitudinal location of the turret has a significant influence on the horizontal stability, which has a strong relationship with the yaw and roll motions. The calculated top tensions on the hawsers also develop a regular change as changing the turret's location. The investigation will provide a brief of principles with more details for the design of the ongoing project.
INTRODUCTION sea states will have a significant influence on the hydrodynamic performance of the platform. Horizontal stability of the SPM FLNG system is of great concern in offshore engineering.
Yaw motion would substantially influence the motion responses of the vessel (Munipalli et al., 2007) . It was concluded that the slowly varying oscillations of the SPM vessel, which is known as the fishtailing effect, can significantly affect the hawser strength and the station-keeping ability of the mooring system (Paton et al., 2006; Pinkster, 1975) . To study the drift loads, the difference frequency forces can be calculated through Newman Approximation (Newman, 1974) . The pressure integration method was originally developed by Pinkster to solve the second-order slow drift wave force (Pinkster, 1980) . After that, researches on second-order wave forces of the moored floating system were conducted (Hermans, 1999; Kim and Yue, 1990 ). The maneuvering model for the horizontal plane motion and the slender body theory for hydrodynamic forces applying on the hull were used to predict the horizontal motion of the SPM system (Masuda et al., 2002) . The dynamics of the SPM FPSO system was performed by calculating static equilibrium solutions and evaluating their stability properties, revolving the vessel's draft, the longitudinal location of the turret and various environmental parameters. It is observed that the system shows bifurcations of equilibrium positions of the vessel that lead to complicated scenarios whereby several fixed points co-exist (de Souza and Morishita, 2002) .
Coupling effect between the mooring system and the vessel's hydrodynamic performance should also be considered. Fully coupled simulation methods between the motions of the platforms and the dynamics of the mooring systems were conducted by Wichers and Devlin (2001) , Heurtier et al. (2001) and Garrett et al. (2002) . The comparison of the coupled results with those from the decoupled methods showed that fully coupled effects should be considered for deep water situations due to that the damping and inertial effect of mooring system increases obviously with water depth (ITTC, 2008) . Ormberg and Larsen (1998) and Zhao et al. (2012) conducted coupled analysis for turret-moored ships and the results of the calculation agreed well with the experimental results.
To study the effects of the turret locations, coupled analyses including vessel motions and mooring dynamic have been conducted in this study. Furthermore, model tests at the scale of 1:60 were carried out in the Deep-water Offshore Basin in Shanghai Jiao Tong University. The coupled numerical calculations were conducted by SESAM with the verification from the experimental results. Investigations of the horizontal stability have been carried out for a reference FLNG with different turret locations in longitudinal position of the vessel. Some conclusions have been drawn, which are expected to contribute to the ongoing projects of the FLNG system.
The FLNG SYSTEM AND ENVIRONMENT
A conceptual SPM FLNG facility designed by China National Offshore Oil Corporation and Marine Design & Research Institute of China is chosen as the reference system.
FLNG vessel model
The FLNG system is expected to serve in a site with water depth of 1500 m in the South China Sea. In this study, a solid loading condition of 75% fully loaded has been chosen for the vessel. Information about the basic characteristics of the FLNG vessel is presented in Table 1 . The blueprint of the FLNG vessel is illustrated in Fig. 1 . 
Mooring system
The mooring system consists of 18 mooring lines with the each length of 3600 m and 6*3 bundles layout in the water. The three bundles are evenly spread (120º) in a circle and each separation angle of the neighboring lines in the same bundle is 5º. Each line has three segments which are chain-wire-chain and the horizontal span is 3149 m. The pre-tension acting on the top of each mooring line is 5000 kN. More details and design view for each line of the mooring configuration are illustrated in Table 2 and Fig. 2 . 
Environmental conditions
The FLNG is designed to be located in the South China Sea with the water depth of 1500 m. In this study, 100-year return sea state lasting for 3 hours has been chosen to investigate the hydrodynamic performance of the FLNG vessel during its operation. In both model tests and numerical simulation, irregular waves with a peak enhancement factor of 2.4 combined with steady wind load and current load are simulated. Parallel and cross sea states have both been adopted to present a panorama for the FLNG's serving area. Details about the environment parameters in terms of Hs, Tp, Vw, Vc are presented in Table 3 and  Table 4 . The arrangement for the directions of the sea states has been illustrated in Fig. 2 . EXPERIMENTAL MODELING
In the model tests, the scale of FLNG system is 1:60. The model of the FLNG vessel and parameters of irregular sea states in model tests are illustrated in Fig. 3 and Table 5. In the model tests, tension sensors installed on the inner turret (shown in Fig.  4 ) are used to record the top tensions on the hawsers. The vessel motions of the FLNG in 6 degrees of freedom are measured through a motion capture system shown in Fig. 5 . In the model tests, the mooring system of ultra-deep floating system cannot be accommodated in both the horizontal and the vertical planes, due to the limitations of the available artificial water basins. Truncation of the mooring system is an effective technology for the model tests in ultra-deep water (Zhao et al., 2013) . In this study, the mooring system was truncated at the water depth of 350 m. Details about the truncated mooring configuration are summarized in Table 6 . Comparison of the horizontal restoring force between the prototype of full depth and the truncated design is illustrated in Fig. 6 . 
where ω is the frequency of the incident wave and t is time. The associated boundary-value problem will be expressed in terms of the complex velocity potential φ with the understanding that the product of all complex quantities with the factor
The linearized form of the free-surface condition is
where K =ω 2 /g and g is the acceleration of gravity. Linearization of the problem permits decomposition of the velocity potentialφ into the radiation and diffraction components:
The constants ξ j denote the complex amplitudes of the body oscillatory motion in its six rigid-body degrees of freedom and j φ the corresponding unit-amplitude radiation potentials. 0 φ is the velocity potential of the incident wave, where the wave number k is the real root of the dispersion relation and β is the angle between the direction of propagation of the incident wave and the positive x-axis. The velocity potential 7 φ represents the disturbance of the incident wave by the body fixed at its undisturbed position.
On the undisturbed position of the body boundary the radiation and diffraction potentials are subject to the conditions
where (n1, n2, n3) = n and (n4, n5, n6) = r×n, r = (x, y, z). The unit vector n is normal to the body boundary and points out of the fluid domain. The boundary value problem must be supplemented by a condition of outgoing waves applied to the velocity potentials j φ , j=1,...,7. The equation of the rigid body motions in 6 degrees of freedom can be set up as follows:
where ij M are components of the generalized mass matrix for the ship hull, ( ) ij a ω is the added mass matrix, C(ω) is the wave damping matrix, and ξ is the displacement of the ship hull, K is the hydrostatic restoring stiffness matrix and F(ω) is the external force vector, with respect to the frequency ω, induced by wave. In the frequency domain where the linear superposition rule can be applied, the nonlinear term in the system needs to be linearized. For example, viscous roll damping in ship motion can be included by means of critical damping. The damping matrix C(ω) depends on the linearization coefficients, which in turn depend on the response of the system, and thus an iterative solution to Eq. (10) is required. At the end of a typical iteration loop, the matrices M, C(ω) and K (which are all position dependent) are reassembled based on the updated result for ξ. The body motions corresponding to the first-order and second-order wave exciting forces can now be written as:
where the superscripts (1) and (2) represent the first-order and the second-order variables respectively.
(1) ( )
denote the first-order and the second-order wave forces respectively. The second-order mean drift force is calculated through the far field integration method based on the first-order velocity potential. Considering the fluid domain consisting of the body surface, free surface and distant radiation control surface, the formulations of second-order mean drift force can be written as (Newman, 1967; Faltinsen and Michelsen, 1974) :
where α is the angle of wave direction, ( ) A θ represents the wave amplitude of diffraction potential in the far field , g C denotes the velocity of wave group, C is the velocity of wave, k represents the wave number. θ is defined as:
The RAO(ω) can be expressed as: Time histories of the motion responses of the FLNG system coupled with the mooring system were calculated in time domain through DeepC, as shown in Fig. 9 . Top tensions on the mooring lines were also obtained at this stage. The coupled equation adopted in the time domain analysis can be written as follows: For the numerical modeling of mooring lines, with the assumption that there is no torque or twisting moment, a linear momentum conservation equation with respect to a position vector r which is a function of arc length s and time t can be derived, which is expressed as:
Primes and dots denote spatial s-derivative and time derivative, respectively. B is the bending stiffness, T, the local effective tension, κ, the local curvature, m, the mass per unit length, and q, the distributed force on the rod per unit length. The scalar variable λ can be regarded as a Lagrange multiplier. The position vector r refers to the motion response of the vessel where the fairlead is located. Furthermore, the loads acting on the mooring lines can be acquired through the integral calculation for the distributed force, i.e., q. A fairlead is introduced in order to realize the coupled analysis between the motions of a floating vessel and the load effects in mooring lines. The fairlead is used for connecting the slender structure to the floating vessel.
Moreover, a series of turret locations in longitude have been designed and located midway with respect to the breath. Locations of the turret's locations are presented in Table 7 . 
RESULITS AND DISCUSSION

Frequency domain analysis
Frequency domain analyses for both model tests and numerical calculations were carried out for the FLNG vessel with the headings of 180º and 150º, respectively. In the model tests, the RAOs are calculated from the response spectra of the FLNG vessel in white noise wave. During the white noise wave tests, the FLNG was positioned with a horizontal mooring system to avoid floating away. This horizontal mooring system consists of four soft mooring lines, which have limited influences on the motions induced by 1st-order wave force. The RAO curves of the FLNG vessel are given in Fig. 10 . 10 has presented the experimental and the numerical RAO curves of the motions for the FLNG vessel in the 75%H filling condition in the two headings. During the numerical simulation, 3.8% of critical damping was used to consider the viscous damping for roll motion. It can be observed from the figures that the numerical simulations match well with the experimental results.
Figs. 10(a) and (b) indicate that the resonant period for the motion responses of surge and sway are far away from the wave frequency. Conclusions have been drawn that the surge and sway motions will perform larger responses in waves with a longer period.
The roll motion appears to have a significant response at the period of 25.4 sec. for both experimental and numerical data, with roll RAO reaching 1.2 degree/m at the resonance period. The response at the low frequency (period of 40 sec. above) can also be observed for the experimental results. Thus, the FLNG vessel exhibits a certain degree of low frequency response in roll motion in oblique waves. This feature is different from that of the traditional FPSO. As for the roll motion's obvious response at wave frequency, the large area of the FLNG vessel subject to the sea loads and the high position of the CoG are both the facilitating factors.
It can be seen from Figs. 10(c) and (e) that the RAO of heave and pitch motions present good agreements between the numerical simulations and the experiments, with pitch RAO reaching 0.4 degree/m at the resonance period of 17.2 sec. The simulated yaw motion responses match well in trends with the experimental data in Fig. 10(f) . In the white noise wave tests, the FLNG vessel was positioned with a horizontal mooring system. The stiffness for rotation from the horizontal mooring system undermines the response of yaw motion in some extent. As a result, the RAO for yaw motion from experimental data performs a lower peak (0.13 degree/m) than that of the numerical simulation (0.2 degree/m). The experimental and calculated resonance periods of the yaw motion are both 17 sec.
Time domain analysis
The experiment was conducted for the FLNG system subject to a 100-year return storm lasting for 3 hours in the South China Sea. The parameters of the irregular sea states in model tests are illustrated in Table 5 , previously. To consider the coupling response of the FLNG facility, those results in time domain are obtained with the FLNG vessel positioned through the SPM mooring system. Time histories of the motion responses of the FLNG vessel and the maximum values of top tensions on the hawsers were obtained and translated into the prototype. Numerical simulations were also carried out and compared with the experimental results in time domain. A good agreement was acquired and the numerical model for the FLNG system was verified. Based on numerical results, conclusions have been drawn for the horizontal stability of the FLNG system.
Numerical verification
The 100-year return sea state in the crossing sea state with the angles of 150 degree for wave and 180 degree for current and wind has been chosen in this section. The time histories of vessel's motions in 6 degrees of freedom for both the model tests and numerical simulations are illustrated in Fig. 11 . Statistic results of the motions are presented in Table 8 . The time histories and the statistic results of the maximum values of top tensions on the hawsers are presented in Fig. 12 and Table 9 , respectively. It should be noted that the mean values of the sway and yaw are not around 0 due to the different directions of wave, wind and current. The sway and yaw motions shown in Fig. 11 have a mean value of 25.40 m and -9.48 degree for experimental results, 29.65 m and -10.28 degree for numerical results, which have been removed in Fig. 11 to provide a clearer expression.
The standard deviation of surge motion in the numerical simulation is smaller than that from the experimental result, which is presented in Fig. 11(a) and Table 8 . One possible reason for this discrepancy may be related to the overestimation of the damping coefficient for surge motion in numerical calculation. It can be observed that the absolute mean value of surge motion from the experimental result is smaller than that of the numerical result. This discrepancy may be related to the different wind loads in the numerical simulations and experimental results. In this study, the Froude number similarity has been guaranteed, but it is hard to guarantee the Reynold number at the same time. As a result, the wind force can be different between the numerical and experimental results.
A good agreement has been obtained for other motions, based on the comparisons of time histories and statistic results. The comparisons confirm that the numerical model for the FLNG vessel can provide a convincing data base. The FLNG system is designed to survive in the 100-year return storm. Considering this scenario, the hydrodynamic performance of the FLNG system, especially for the motion of roll, is crucial for the safety of the instruments on board. The maximum value of roll motion with bilge keels is less than 3 degree in both experimental and numerical data, which can warrant the safety for the FLNG system in the 100-year return storm in the South China Sea.
The time histories of the top tensions on the hawsers are also obtained from the model tests and numerical simulations and presented in Fig. 12 and Table 9 . It is shown in Fig. 12 and Table 9 that the maximum and mean values of top tensions for both experimental and numerical results match well. There is a discrepancy for the standard deviations of top tensions between the experimental and numerical results. One can see from Fig. 11(a) that the surge motion for numerical simulation presents a smaller standard deviation than that of the model test. This is the reason of the smaller top tension standard deviation for the numerical result. Fig. 12 Time histories of the maximum values of top tensions on the hawsers for both the experimental and numerical simulation in the 100-year return sea state. 
Horizontal stability
Ten inner turret locations in longitude have been designed in Table 7 . The corresponding simulations in time domain considering the coupling effect between the FLNG vessel and the mooring system have been carried out in a 100-year return storm. The first turret location in longitude is 304.5 m from the AP, while the following longitude locations are located towards the AP. The motions of surge, sway, roll and yaw that have a strong relation with horizontal stability have been summarized and investigated in this section. Fig. 13 plots the standard deviations for these motions in different turret locations in the heading sea and crossing sea states. Through the comparison between the results from two sea states, conclusions can be drawn about the FLNG system's horizontal stability.
In Fig. 13 , the standard deviations of these motions have been calculated to present the variation trend of horizontal stability for the FLNG system, due to the fact that the standard deviations can be used as a reasonable methodology to estimate fluctuation level of motion responses. As the turret location moves towards AP, the motions of sway and roll in crossing sea state decreases in slight extent, while other motions increase in various levels. Fig. 13(a) shows the standard deviation of yaw motion as the turret location moves towards AP. While the turret is in the location of the prototype, yaw motion in the crossing sea state presents a more obvious response than that in the heading sea state. The standard deviation of yaw motion presents a gradually upward trend in the heading sea state, as the turret moves towards AP before No.7 turret location (83.2% of Lpp from AP), after which there is a dramatic increase, exceeding that of the corresponding turret location in the crossing sea state. One can see that the motion of yaw in the heading sea state presents a more significant improvement than that in the crossing sea state. The reason for this phenomenon is the lateral loads which contribute to the hydrodynamic response of yaw motion. As the turret location moves towards AP, the inertia of the FLNG vessel rotating around the turret comes to be decreased, which will enhance the yaw motion's response in some extent. The enhanced yaw motion will lead to the larger angle between the vessel and environmental loads, which will amplify the traversal loads on the FLNG vessel and thus enhances the yaw motion itself. In the heading sea state, the multiplicity of wave, current and wind loads leads to the more obvious character of this effect. On the other hand, by contrast, for the reason of the sea loads' opposite traversal directions, the crossing sea state makes the traversal loads slashed by each other which presents limited enhancement for this effect. This leads to the result that the influence of distance from AP on the standard deviation of yaw motion is relatively small for the crossing sea state. Fig. 13(c) shows the roll motion standard deviation. It can be seen in this figure that the changing trend of roll motion is similar with that of yaw motion. A more obvious roll motion standard deviation in crossing sea than that in heading sea state can be observed, while the turret is in the location of the prototype. This is because the roll motion is sensitive to the wave heading. The larger angle between the vessel and wave in the crossing sea state contributes to the more obvious response for roll motion than that in the heading sea state. However, as the turret moves towards AP, the responses of yaw (shown in Fig.  13(a) ) and sway (shown in Fig. 13(b) ) have been enhanced more significantly in the heading sea condition. This increased yaw motion induces larger angle between the wave and the FLNG vessel, which thus enhances the roll motion, as presented in Fig.  13(c) . Interestingly, the upward trend of roll motion becomes dramatic at No.7 turret location in the heading sea state, presenting a similar changing trend of the motions of yaw and sway. Thus, the horizontal motions such as yaw motion develop a strong relation with the roll motion for this SPM FLNG facility.
The enhanced response of yaw motion will also make the vessel experience larger area bearing the sea loads in longitudinal direction, which contributes to the increased response for the surge motion, as shown in Fig. 13(d) .
Attention should be paid to the top tensions on the hawsers, which are also main considerations in harsh sea states. The time series of top tensions on the mooring lines from different turret locations are also calculated. In this section the mooring line which experiences the largest load is chosen as the representative one. The No.18 line is selected in both heading and crossing sea. The largest top tensions in different turret locations are shown in Fig. 14 .
Fig. 14 presents a descending trend of the maximum top tensions in both sea states before No.7 location. After No.7 turret location, the maximum top tension in the heading sea state has exhibited a significant enhancement, due to the similar changing trend for the motion of sway, as shown in Fig. 13(b) .
To summarize, as the turret location is above 83.2% of Lpp from AP, the influences from turret location on the FLNG's hydrodynamic performances are limitative. While the turret location is smaller than 83.2% of Lpp from AP, there are more obvious influences on the hydrodynamic performances of the FLNG system. Thus, turret locations above 83.2% of Lpp from AP are reasonable and recommended for this FLNG system, from the viewpoint of hydrodynamic performance. 
CONCLUSIONS
Both model tests and numerical simulations for a conceptual SPM FLNG system have been conducted. Analyses in frequency and time domains are both carried out. Conclusions have been drawn regarding to the horizontal stability of the FLNG system. 1) The FLNG vessel will exhibit a certain degree of low frequency response in roll motion.
2) The horizontal stability of the FLNG system will decrease as the turret location moves towards the AP within certain range.
3) The distance from AP presents relatively smaller influence on the horizontal stability of this FLNG system in the crossing sea state than in the heading sea state. 4) The turret location above 83.2% of the Lpp from the AP is suggested from the viewpoint of hydrodynamics.
